Oceanic archipelagos of volcanic origin have been important in the study of evolution because they provide repeated natural experiments allowing rigorous tests of evolutionary hypotheses. Ongoing volcanism on these islands may, however, affect the evolutionary diversification of species. Analysis of population structure and phylogeographic patterns in island populations can provide insight into evolutionary dynamics on volcanic islands. We analysed genetic and morphological variation in the gecko Tarentola boettgeri on the island of Gran Canaria and compared it with Tarentola delalandii on Tenerife, a neighbouring volcanic island of similar age but distinctly different geological past. Intraspecific divergence of mitochondrial haplotypes indicates long-term persistence of Tarentola on each island, with a phylogeographic signal left by older volcanic events. More recent volcanic eruptions (approximately 0.2 million years ago on Tenerife, approximately 2.2 million years ago on Gran Canaria) have left a signature of population expansion in the population genetic structure, the strength of which depends on the time since the last major volcanic eruption on each island. While these stochastic events have left traces in morphological variation in Tenerife, in Gran Canaria geographical variation was solely associated with environmental variables. This suggests that historically caused patterns in morphology may be overwritten by natural selection within 2 million years.
INTRODUCTION
Oceanic islands have served for more than a century as model systems for the study of the evolution of animals and plants (Williamson 1981) . Importantly, oceanic archipelagos provide repeated natural experiments allowing tests of evolutionary hypotheses (Losos et al. 1998) . Many oceanic archipelagos used in evolutionary studies are of volcanic origin (i.e. the Hawaiian, Galapagos, Lesser Antilles and Canary islands). It has been argued that population extinctions, recolonizations and associated bottlenecks, which may be caused by volcanism, affect the evolutionary diversification of species (Carson & Templeton 1984; Carson et al. 1990 ). Although it is disputed whether these population processes facilitate adaptive shifts (Barton & Charlesworth 1984) , it is obvious that they can leave characteristic signatures in the genetic and morphological variation of populations. Fossil records on volcanic islands are usually scarce, thus in most cases no direct evidence of past evolutionary events is available. However, organisms may record past population decline and growth in their population structure and genetic variation (Beheregaray et al. 2003) . Natural selection can rapidly alter phenotypic means in small experimental populations (Malhotra & Thorpe 1991; Losos et al. 1997) . However, we have little understanding of how long it takes natural selection to alter patterns of geographical variation caused by stochastic events. Comparing geological (i.e. volcanic) records, organismal history as recorded in genetic variation and morphological variation may illuminate the time-scales over which stochastic events and natural selection play a role in shaping geographical variation.
The islands of the Canary Archipelago provide an excellent opportunity for such studies because their geological history has been studied in great detail. The two large islands in the centre of the archipelago, Tenerife and Gran Canaria, are of special interest because of their considerable geological age (more than 11 million years), their immense ecological heterogeneity and great biological diversity. Both islands are of comparable size and have been shaped by volcanic periods. Their volcanic histories, however, differ in several aspects. Tenerife is the result of a central volcano joining two or three ancient precursor islands (Ancochea et al. 1990 ) and has experienced major eruptions 0.2-2 million years ago (Myr) (Ancochea et al. 1990 (Ancochea et al. , 1999 Huertas et al. 2002) . In contrast, Gran Canaria was established early as a single shield volcano, which after a long quiescent period experienced two major volcanic cycles (Rothe 1996) , the Roque Nublo 3. 5-4.3 Myr (Perez-Torrado et al. 1995) , the Llanos de la Paz 2.2-2.9 Myr (van den Boogaard et al. 1998 ) and smaller volcanic eruptions localized mainly in the north east of the island during the last 1.5 million years (My).
Geckos of the genus Tarentola are wide spread throughout the Macaronesian (Canary and Madeiran Archipelago) and Cape Verde Islands. Tarentola species have colonized these islands several times from the African mainland (Nogales et al. 1998; Carranza et al. 2000 Carranza et al. , 2002 . Mitochondrial sequence data suggest that populations of T. delalandii and T. boettgeri have persisted on Tenerife and Gran Canaria, respectively, for several million years (Nogales et al. 1998; Gü bitz et al. 2000; Carranza et al. 2000 Carranza et al. , 2002 . This long colonization history and the fact that Tarentola inhabit a variety of habitats makes them excellent systems to study the effects of historic volcanism and natural selection on island populations. On Tenerife, allopatric populations of T. delalandii on two or three precursor islands have been brought into contact by the Teide volcanism and more recent eruptions (about 0.2 Myr) may have caused population contractions into and expansions from these refugia (Gü bitz et al. 2000) . These historic events and natural selection have shaped the patterns of morphological variation in T. delalandii on Tenerife (Gü bitz et al. 2000) .
Here, we analyse the causes of phylogeographic patterns and geographical variation in morphology in T. boettgeri on the island of Gran Canaria. We show that recurrent within-island volcanism may be sufficient to cause phylogeographic patterns, with even older events leaving longlasting signatures. While historic volcanism has left a trace in morphological variation on Tenerife, morphological variation is not associated with phylogeography on Gran Canaria but is correlated with environmental variables, indicating that it may take natural selection less than 2 My to overwrite historically caused patterns.
MATERIAL AND METHODS
(a) Phylogenetic analysis In order to reconstruct the phylogeography of T. boettgeri on Gran Canaria, we used mitochondrial cytochrome b sequence data (see Electronic Appendix), which is a particularly suitable marker for phylogeographic studies (Moore 1995; Avise 2000) . Tissue samples of T. boettgeri were obtained from tail tip biopsies from 30 localities around Gran Canaria. A blood sample from T. b. bischoffi from Selvagem Grande was donated by U. Joger, Darmstadt, Germany. T. delalandii from Tenerife (Adeje and Teno) and from La Palma were used as closely related outgroups.
Phylogenetic relationships among haplotypes were reconstructed using different methods allowing the consistency of phylogenetic estimation to be evaluated (Avise 1994) . MODELTEST 3 was used to determine the evolutionary model that best fitted the data. Bayesian analysis was conducted using MRBAYES (Huelsenbeck & Ronquist 2001) with the HKY model (Hasegawa et al. 1985) and invariant sites and gamma correction employing partitioning into codons. Maximum parsimony (MP) and maximum likelihood (ML; Felsenstein 1981) was performed with heuristic search methods in PAUP* v. 4.0b10 (Swofford 1998) . Further details are available in the Electronic Appendix.
(b) Relative rate and neutrality tests The two-cluster test (Takezaki et al. 1995) as implemented in the program PHYLTEST v. 2.0 (Kumar 1996) was used to examine the constancy of a molecular clock among the major lineages. This test allows the inclusion of multiple sequences representing two lineages and calculates the difference between the average branch length of each of the two compared lineages in relation to a given outgroup.
Statistical testing for neutrality was conducted using Tajima's D (Tajima 1989 ) and Fu and Li's test statistics F and D, with and without outgroup (Fu & Li 1993) , and the McDonaldKreitman test (McDonald & Kreitman 1991) as implemented in DNASP v. 3.0 (Rozas & Rozas 1999) . Samples from the closest clade, as shown in figure 1, were used as the outgroup in these tests.
(c) Population growth test Population growth was evaluated using Metropolis-Hastings simulation as implemented in FLUCTUATE v. 1.4 (Kuhner et al. 1998) . This program uses a coalescence approach to calculate ML estimates of the parameters q (in haploids qZ2N e m) and the exponential growth (or decline) rate g (32), where m is the mutation rate per site and g is the exponential growth rate of the population, and the effective population size. The parameter (q) and the time (t) ago are calculated as q t Zq present e Kgt (where q present is the estimate obtained from the present dataset). Positive values of g indicate growth, negative values, decline.
(d) Hypotheses testing by matrix correspondence Hypotheses relating to multidimensional (i.e. geographical) data may be tested by matrix correspondence tests (MCT) where the association between observed (dependent) and hypothesized patterns, represented by dissimilarity matrices among populations, is measured as a correlation, or absolute standardized regression, and the probability on the null hypothesis of no association is assessed by repeatedly randomizing (10 000 times) the dependent matrix to produce a distribution of association coefficients.
(e) Morphological variation Morphological variation in 15 body dimensions and 10 scalation characters measured from 471 individuals of T. boettgeri in 30 localities on Gran Canaria was summarized by canonical variate analysis (CVA) in both sexes of T. boettgeri. The Mahalanobis distance was calculated from centroids derived from the CVA and was used in order to characterize the overall differences in each of the character systems between groups (localities). The corresponding matrix was used as the dependent variable in MCT. Phylogeography (average patristic distance between haplotype sequences in each locality), altitude, rainfall, climate type, vegetation type (Garcia Rodriguez et al. 1990 ) and a northeast-southwest ecotone hypothesis (Brown & Thorpe 1991) were used as independent variables. (More details are available in the Electronic Appendix.)
3. RESULTS (a) Phylogenetic and phylogeographic analysis Among 48 sequences of 543 bp length obtained from T. boettgeri specimens from Gran Canaria, 39 different cytochrome b haplotypes were identified (GenBank accession numbers AY841905-AY841944). The average transition/transversion ratio was 3.3. The haplotype diversity (Nei 1987) The Hasegawa-Kishino-Yano model (Hasegawa et al. 1985) with invariant sites and gamma correction was selected as the best-fitting evolutionary model. The Bayesian tree, the ML and MP tree have basically the same topology and showed T. boettgeri to be monophyletic (in relation to T. delalandii; figure 1). Bayesian posterior probabilities and bootstrap values strongly supported two major clades (A and B) within T. boettgeri (figure 1). Clade A is found in the south and the western half of the island, while clade B is found in the northeast and east of the island (figure 2). Within clade A, at least three subclades can be differentiated (figure 1), which are geographically localized (figure 2). Clade B comprises two subclades (figure 1), which are found in the southeast (B1) and northeast (B2) of the island (figure 2). In general, haplotypes of different clades or subclades do not co-occur (with a single exception, see Electronic Appendix). The sequence of T. boetggeri bischoffi from Selvagem Grande is nested within clade A, suggesting that the Selvagem Islands were colonized from Gran Canaria. T. b. bischoffi is most closely related to haplotypes in clade A2, with which it builds a strongly supported clade (figure 1). The uncorrected pairwise distance (P-distance) between haplotypes in clade A2 and T. b. bischoffi was 6.1%. The average divergence between clade A and B was 10.9%. Average divergence among subclades A1, A2 and A3 range from 6.9 to 8.1% and clade B1 and B2 differed by 4.6%.
Branch lengths of clades A2 and A3 appeared to be slightly larger than those of other subclades (figure 1).
However, relative rate tests did not reject the null hypothesis of rate constancy in T. boettgeri in relation to T. delalandii or among the subclades of T. boettgeri (results not shown). The neutrality tests performed on the dataset did not show significant deviations from neutral expectations (results not shown). Estimating the population growth rate, g, for each subclade of T. boettgeri on Gran Canaria and T. delalandii on Tenerife suggested positive growth rates on Gran Canaria and even larger growth rates on Tenerife (table 1) . Although the approximated 95% confidence limits for the log-likelihood surface of the population growth rate estimates were generally very wide (data not shown), they suggested positive growth values. The Adeje clade samples on Tenerife, which is thought to have expanded most (Gü bitz et al. 2000) , gave the most narrowly defined estimate for population growth (99% confidence for gO10 2 ). Pairwise and partial MCT showed significant association of the observed distribution of haplotypes or the average patristic distance of haplotypes between localities, respectively, with geographical distances and a hypothetical model as predicted from geological data (all p!0.0001, except partial MCT for average patristic distance with geographical distance regressed out pZ0.0191).
Analysis of geographical variation in body dimensions (BD) and scalation (SC) in T. boettgeri on Gran Canaria showed an association with environmental variables, but not with patristic distance (table 2). In both sexes, BD was significantly associated with the NE-SW ecotone hypothesis in pairwise MCT. SC was significantly associated with altitude in both sexes and in addition with vegetation in males.
DISCUSSION (a) Volcanism and intra-island phylogeography
Volcanic events can affect island phylogeographies in two ways, either by joining islands, leading to secondary contact between previously allopatric populations (Thorpe et al. 1995; Thorpe & Malhotra 1996; Gü bitz et al. 2000) or by fragmenting a population, resulting in temporarily isolated populations (Carson et al. 1990; Desalle & Templeton 1992; Pestano & Brown 1999) . The neighbouring islands of Tenerife and Gran Canaria provide examples of these two scenarios, respectively.
On Gran Canaria, periods of volcanic activity (Schmincke 1976 (Schmincke , 1998 ) may have caused a phylogeographic pattern in T. boettgeri. The deep divergences between mt haplotypes in clade A and B of about 11% indicate that Gran Canaria has been colonized by T. boettgeri for a substantial period of time. Molecular clocks are difficult to calibrate (Hillis et al. 1996) , especially in the absence of a detailed fossil record. Using vicariance events as calibration points, evolutionary rates of 1.0-1.6% (Gü bitz et al. 2000) and 2.4% (Carranza et al. 2000 (Carranza et al. , 2002 sequence divergence per million years are obtained for mt cytochrome b in Tarentola. Given these rates, the two major clades in T. boettgeri on Gran Canaria would have diverged about 11.0-4.6 Myr and hence during a period of volcanic quiescence before the volcanism of the Roque Nublo cycle (Perez-Torrado et al. 1995) . Hence the Roque Nublo cycle and the Owing to strong erosion it is not possible to decide whether the entire northeast was covered by volcanic flows or whether the furthest northeastern part remained unaffected. In the latter case, it would be possible that the ancestor of clade B2 haplotypes became fixed in a northeastern isolate (figure 2 and Electronic Appendix fig. S1b ). The area covered by the volcanic flows was apparently recolonized from several source populations (figure 2 and Electronic Appendix fig. S1b ).
Stochasticity in the coalescent can create phylogeographic patterns without temporary isolation or bottlenecking (Knowles & Maddison 2002) . However, MCT strongly support the hypothesis that the successive volcanism of the Roque Nublo and Llano de la Paz formation has caused the observed phylogeographic pattern in T. boettgeri. Parallelism of phylogeographic patterns in unrelated taxa may provide support for the hypothesis of a common historical cause (Walker & Avise 1998) . Phylogenetic studies of the beetle genus Pimelia on Gran Canaria suggest that this genus colonized the island before the Roque Nublo cycle (Contreras-Diaz et al. 2003) . Phylogeographic breaks in the distribution of mt haplotype clades in Pimelia sparsa (Contreras-Diaz et al. (Pestano & Brown 1999 ). Delineation of three C. sexlineatus haplotype clades also resembled those in T. boettgeri (D1, D3 and D4 in Electronic Appendix fig. S1a,b) . Interestingly no admixture of mt haplotypes has been observed in T. boettgeri, C. sexlineatus or P. sparsa, except in the eastern part of the island, where some admixture/gene flow has been found in all three taxa. However, the phylogeographic patterns resulting from colonization of larger areas by different species may not necessarily coincide, owing to species-specific idiosyncrasies (such as difference in migration rate and colonization capability; Gü bitz et al. 2000) . While a single mt lineage in C. sexlineatus appears to have colonized the northern part of Gran Canaria, the same area has been colonized by three mt lineages of T. boettgeri (clades A2, A3 and B2), which most probably colonized from different source populations. Similarly, but at a larger scale, some European (plant and animal) taxa, which colonized the post-glacial central and northern Europe, share refugia and colonization routes but differ in their phylogeographic patterns (Hewitt 1996; Taberlet et al. 1998) . However, it is surprising that the mitochondrial phylogeography in T. boettgeri should still reflect such relatively old volcanic events (more than 2 Myr) at a relatively small geographical scale. Possible explanations for this apparent low mitochondrial gene flow could be low vagility and extreme philopatry in females.
Consistent with a scenario involving population expansion, coalescent simulations of the mt populations suggest positive population growth rates in T. boettgeri on Gran Canaria (table 1) . Notably, estimates obtained for T. delalandii populations on Tenerife indicated even larger population growth rates (table 1) . This may be because on Tenerife population expansion probably started only about 0.2 Myr, while on Gran Canaria the volcanic events, which may have been followed by population expansion, are longer ago in the past (approximately Table 1 . Metropolis-Hastings simulation of the coalescent with changing population size for T. boettgeri clades A1-A3, B1, B2 on Gran Canaria and T. delalandii clades Teno, North (N) Anaga and Adeje on Tenerife.
(Estimates for population growth parameter g (Gestimated standard deviation) suggest larger growth rates in T. delalandii.) Evolution on volcanic islands T. Gü bitz and others 755 2 Myr) and hence the signature of population growth is weaker.
(b) Changing morphological variation Geographical variation in morphology can be established by drift during population contractions. However, shifts in morphology caused by drift in small populations will rarely be adaptive but are more likely to be disadvantageous. In addition, bottlenecked populations have reduced standing variation and are unlikely to adapt rapidly to new ecological conditions (Barton & Charlesworth 1984) . Hence we would expect that recently expanded populations (after a bottleneck) require some time to adapt to environments into which they have extended. Accordingly, phylogeography in T. delalandii on Tenerife still shows some association with morphological characters (BD and SC but not colour pattern; Gü bitz et al. 2000). In contrast, geographical variation in morphology in T. boettgeri on Gran Canaria bears no trace of a historical effect but is rather determined by environmental variables. Given the time-scales since the last major volcanic events on Tenerife and Gran Canaria, we propose that it may take natural selection less than 2 My to overwrite any signature in morphological variation caused by historic events.
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